Protein expression profiles linked to sclerosis in the 5/6 nephrectomy (Nx) rat model of focal segmental glomerulosclerosis were investigated. Sections of control glomeruli from normal baseline Nx tissue and nonsclerotic and sclerotic glomeruli from 12 wk after 5/6 Nx were isolated by laser capture microdissection. Protein profiles were acquired directly by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. Classification accuracy was 99.2% for distinguishing normal versus sclerotic glomeruli and 96.7 and 97.8% for nonsclerotic versus normal and sclerotic glomeruli, respectively. The proteomic pattern of the nonsclerotic glomeruli was more similar to sclerotic than normal glomeruli (P < 0.0001). Thymosin ␤4, a protein with relevant interactions with plasminogen activator inhibitor-1, angiogenesis, and wound healing, was identified as a key differentially expressed protein. P rogression of focal segmental glomerulosclerosis (FSGS) from early injury to overt sclerosis involves injury to all glomerular cell types (1,2), through multiple complex mechanisms. With the advancement of proteomic techniques (3,4), simultaneous examination of hundreds of proteins related to kidney disease holds promise in unraveling novel underlying mechanisms of progression and thus identifying possible targets for intervention in FSGS.
P rogression of focal segmental glomerulosclerosis (FSGS) from early injury to overt sclerosis involves injury to all glomerular cell types (1,2), through multiple complex mechanisms. With the advancement of proteomic techniques (3, 4) , simultaneous examination of hundreds of proteins related to kidney disease holds promise in unraveling novel underlying mechanisms of progression and thus identifying possible targets for intervention in FSGS.
To obtain protein expression profiles from a localized area, laser capture microdissection (LCM) has been combined with matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) for tissue protein profiling (5, 6) . LCM is an important tool in biologic research, enabling the isolation of specific cell populations from a heterogeneous tissue section (7) . The technique of direct protein profiling from the laser capture microdissected sample using MALDI MS is fast, sensitive, and accurate. This technique has been applied in several studies, including those of human breast carcinoma (5), mouse epididymis (8) , and human lung carcinoma (9) . This technique enables the determination of protein expression profiles from even minute tissue structures within limited samples.
The focal segmental nature of sclerosis in FSGS raises the question of whether at a given time point the remaining nonsclerotic glomeruli are already programmed to sclerotic pathways or, alternatively, whether these remaining nonsclerotic glomeruli have less prosclerotic activation and thus may be more susceptible to therapy. We therefore sought to examine proteomic profiles from the nonsclerotic glomeruli in FSGS and compare profiles from them with normal glomeruli and glomeruli with established sclerosis. We aimed first to establish the sensitivity of LCM and MALDI MS techniques to differentiate sclerosis from normal and, second, to investigate whether nonsclerotic glomeruli have a prosclerotic phenotype at the protein level. We also sought to identify key differentially expressed protein markers to advance our understanding of mechanisms and possible intervention in progressive renal disease.
Materials and Methods

FSGS Model
Adult male Sprague Dawley rats (n ϭ 6; 250 to 300 g; Charles River Laboratories, Wilmington, MA) were studied. Rats were housed under normal conditions with a 12-h light/dark cycle, at 70°F, with 40% humidity, and with 12 air exchanges per hour and received normal rat chow and water ad libitum (5001 diet; Purina Laboratory [St. Louis, MO] Rodent diet; 23.4% protein, 4.5% fat, 6.0% fiber, 0.40% sodium). Rats underwent 5/6 nephrectomy (Nx) under pentobarbital anesthesia by right unilateral Nx and ligation of branches of the left renal artery, producing a total of 5/6 renal ablation. FSGS was well developed by 12 wk after 5/6 Nx, and rats then were sacrificed. Glomerulosclerosis was defined as collapse and/or obliteration of glomerular capillary tuft accompanied by hyaline material and/or increase of matrix (10) . In the remnant kidney, glomeruli with normal histology ("nonsclerotic" glomeruli) and sclerotic glomeruli were analyzed. Glomeruli from nephrectomized right kidneys that were obtained at time of induction of 5/6 Nx were used as normal control glomeruli.
LCM
Frozen kidney samples from 5/6 Nx and normal baseline were partially embedded in OCT, and 5-m-thick cryostat sections were cut and dehydrated as follows: 70% ethanol 30 s, 95% ethanol 1 min, 100% ethanol 1 min ϫ2, xylene 2.5 min ϫ2, and air dried. LCM phase microscopy, using the Arcturus PixCell II LCM system (Mountain View, CA) with a focused 30-m laser beam, was used to precisely identify and dissect glomeruli without surrounding tissue (Figure 1 ). Glomeruli were identified by phase microscopy as (1) normal in baseline kidney ( Figure 1A ) and (2) sclerotic ( Figure 1B) or (3) nonsclerotic in 5/6 Nx kidney. These three groups of glomeruli were captured separately onto different LCM caps (Mountain View, CA). On average, 50 normal glomerular sections from different glomeruli were captured from the baseline nephrectomy kidneys for each rat. From the remnant kidneys 12 wk after 5/6 Nx, 30 nonsclerotic and 50 sclerotic glomerular sections from different glomeruli were obtained from each rat using LCM, except for one rat, which did not have sufficient nonsclerotic glomeruli present in the ablated kidney. All six rats with 5/6 Nx had sufficient sclerotic glomeruli for LCM analysis.
MALDI Mass Spectrometry
Protein expression profiles were obtained directly from laser-microdissected cells using MALDI MS (5) . The LCM thermoplastic films with captured cells were peeled from the LCM cap using forceps and mounted on a MALDI target plate using a conductive double-sided tape (Digi-Key, Thief River Falls, MN). Sinapinic acid (Sigma, St. Louis, MO) solution (20 mg/ml, 50/50/0.3 [vol/vol/vol] acetonitrile/water/ TFA,) was microspotted on the captured cells under microscope visualization using pulled fine-glass capillaries. Upon solvent dehydration, the matrix and proteins co-crystallized together. MALDI MS analyses were performed in the linear mode under the optimized delayed extraction condition on an Applied Biosystems DE-STR Voyager mass spectrometer (Framingham, MA). The crystals were irradiated by a series of pulsed light from a nitrogen laser ( ϭ 337 nm) in a high vacuum, resulting in the desorption and ionization of the proteins from the surface of the tissue. Predominately singly charged protonated ions of the form [MϩH] ϩ were formed, in which M was the protein molecular weight. The protein ions were accelerated in the ion source and subsequently separated in a time-of-flight (TOF) mass analyzer. Each mass spectrum was obtained averaging signals from 250 consecutive laser shots from five microdissected glomerular sections. After internal calibration, the mass spectra were baseline subtracted and normalized using the software developed in our laboratory before statistical analysis.
Protein Identification
Remaining frozen kidney cortex from the same samples investigated by LCM was homogenized in 500 l of protein extraction buffer using an ice-chilled Duall glass homogenizer. The protein extraction buffer was composed of 0.25 M sucrose (J.T. Baker, Phillipsburg, NJ), 0.01 M Tris-HCl (J.T. Baker), and 0.1 mM PMSF (Sigma). The homogenate was centrifuged according to the following sequence: 10 min at 680 ϫ g, 10 min at 10,000 ϫ g, and 1 h at 100,000 ϫ g. The final supernatant was filtered using a Millipore Ultrafree-MS 30,000 nominal molecular weight limit centrifugal filter device (Bedford, MA). A volume of 150 l of filtrate was separated on a Vydac 259VHP5415 polymeric column (Hesperia, CA) at 40°C using a Waters Alliance HPLC system (Milford, MA). Solvent A contained 0.1% TFA (Burdick and Jackson, Muskegon, MI) in water, and solvent B contained 0.085% TFA in acetonitrile (Fisher Scientific, Fair Lawn, NJ). A flow rate of 1 ml/min was used with a gradient started from 5% B for 5 min, then in 55 min to 60% B, then in 10 min to 95% B and held at 95% B for 10 min. The fractions were collected every minute and then completely dried using a Thermo Quest Savant Speedvac (Holbrook, NY). Dried HPLC fractions were reconstituted in 10 l of 5/5/0.3 (vol/vol/vol) acetonitrile/water/TFA and analyzed by MALDI-TOF MS.
The fractions that contained target protein markers, identified by statistical analysis (see below) from LCM samples, were completely lyophilized again and reconstituted with 10 l of 0.4 M ammonium hydrogen carbonate (Sigma). These fractions were reduced with 5 l of 45 mM dithiothreitol (Sigma) in incubation at 60°C for 15 min, followed by alkylation with 5 l of 100 mM iodoacetamide (Sigma) in the dark for 15 min. One microliter of 1 g/l sequencing-grade trypsin (Promega, Madison, WI) was added, and the digestion allowed to proceed for 4 h at 37°C.
The digested fractions were subjected to liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis using a ThermoFinnigan LTQ mass spectrometer (San Jose, CA). Two microliters of sample were loaded into a 100-m internal diameter self-packed microcapillary reverse-phase column packed with Monitor C18-Spherical Silica from Column Engineering Inc (Ontario, CA). The mobile phase A was 0.1% formic acid (EM Science, Darmstadt, Germany) in water, and phase B was 0.1% formic acid in acetonitrile. The gradient for mobile phase B started at 0% for 3 min, to 5% in 2 min, to 50% in 45 min, and to 90% in 5 min. The flow rate at the source was 700 nl/min. The fragment ion mass spectra were used to search the National Center for Biotechnology Information rat protein database using the SEQUEST algorithm (11) .
Immunohistochemistry
For immunostaining, rat kidney tissue was fixed in 4% paraformaldehyde overnight at 4°C, routinely processed, and embedded in paraffin. Four-micrometer sections were treated with 3% hydrogen peroxidase for 10 min and Powerblock (BioGenex Laboratories, San Ramon, CA) for 45 min, incubated with primary rabbit anti-thymosin ␤4 anti- body (Biodesign, Saco, ME) for 1 h at 37°C, and rinsed twice with PBS. Horseradish peroxidase (HRP)-conjugated swine anti-rabbit antibody (Dako, Carpinteria, CA) was added and incubated for 45 min at room temperature. After rinsing three times with PBS, diaminobenzidine was added as a chromagen. Slides were counterstained with hematoxylin.
Infiltrating macrophages were detected with doublestaining for thymosin ␤4 and mouse mAb to ED1 (BioSource International, Camarillo, CA), a macrophage marker, followed by biotinylated goat anti-mouse IgG (BioGenex) for 30 min and alkaline phosphatase-streptavidin conjugate (BioGenex) for 30 min. Sections were developed with Sigma fast red TR/Naphthol AS-MX for 5 min, then counterstained and coverslipped. Glomerular endothelial cells (GEN) and mesangial cells were identified on serial sections by immunostaining with anti-RECA-1 antibody (Abcam, Cambridge, MA) and mouse anti-rat CD90 (Thy-1) antibody (BD Pharmingen, San Diego, CA), respectively. Negative controls omitting the primary antibody and using nonspecific Ig showed no staining. Positive control using rat spleen showed the expected distribution of thymosin ␤4 (12).
Cell Culture
GEN, derived from SV40 mice (gift from Dr. Michael Madaio, University of Pennsylvania, Philadelphia) were grown in 10% FBS that had been heat-inactivated at 56°C for 1 h, with DMEM:Ham F12 media (low-glucose DMEM, 6 mM) in a 3:1 ratio, with l-glutamine 2 mM and HEPES 10 mM added (13) . The cells were grown at 37°C with 5% CO 2 under humid conditions in Corning flasks. The cells showed CD31 expression, confirming endothelial cell phenotype. Primary cultures of podocyte were performed as follows: Rat kidney cortex was isolated and minced, and glomeruli were isolated by sieving (sieve pore size 180 ϫ2, 75 ϫ1). Glomeruli then were suspended in DMEM/Ham's F-12 (2:1) that contained 0.2-m-filtered 3T3-L1 supernatant, 5% heatedinactivated FCS, ITS solution, and 100 /ml penicillin-streptomycin. The cells then were plated onto collagen type I-coated flasks and incubated at 37°C, room air with 5% CO 2 . After 4 d, cell colonies began to sprout around the glomeruli. Cells showed an epithelial morphology with a polyhedral shape when confluence was reached at day 7. The cells were characterized as podocytes by detection of podocyte-specific markers synaptopodin and nephrin by immunofluorescence staining.
siRNA Design and Transfection
Control siRNA and siRNA (antisense and sense strands) for thymosin ␤4 (Thym) were designed as suggested by the manufacturer (Invitrogen, San Diego, CA). The sense strand sequences for four different siRNA and scrambled controls were as follows: Thym 1, 5Ј-CCGATAT-GGCTGAGATCGAGAAATT; Thym 2, 5Ј-GAGAAGCAAGCTGGC-GAATCGTAAT; Thym 3, 5Ј-TCAAAGAATCAGAACTACTGAGCAG; Thym 4, 5Ј-GGGAGATGATGAAATAGAGAGGAAA; control Thym 1, 5Ј-CCGGGTAAGTCCTAGAGAGATAATT; control Thym 2, 5Ј-GATC-CATGCAGCGTATCCGATGAAT; control Thym 3, 5Ј-TCATAA-GAGACATCAAGTCGAACAG; and control Thym 4, 5Ј-GGGATGAT-GAAATAGAGAGGAGAAA. In vitro transfections were performed using Lipofecta 2000 Reagent (Invitrogen) according to the manufacturer's instructions. In brief, GEN were seeded on to six-well plates 1 d before transfection. Transfection with siRNA was done when cells were above 50% confluent. A total of 100 pmol of siRNA was used for 5 ϫ 10 5 cells in 2 ml of medium. Cells were washed 48 h after transfection. Angiotensin was used to stimulate GEN as a model of sclerosis mechanisms. GEN were stimulated with angiotensin II (Ang II; 10 Ϫ6 M) for 24 h, with or without concomitant transfection with siRNA or control siRNA. Because all four designed siRNA achieved equal downregulation of thymosin ␤4 in pilot experiments, only one set of siRNA and its scrambled control was used for the subsequent experiments. Results were compared with normal GEN as baseline control.
Western Blot Analysis
For thymosin ␤4 Western blot analysis, 100 g of cell lysate from cultured GEN, podocytes, or muscle or spleen tissue homogenates was separated by electrophoresis on 4 to 20% Tris-glycine gel (BioRad). Equal protein loading was confirmed by Coomassie blue staining of duplicate gels after electrophoresis. The gels were incubated for 1 h in PBS that contained 10% glutaraldehyde (Sigma), washed three times for 20 min in PBS, and incubated further in a blotting buffer that contained 1ϫ Tris-glycine transfer buffer (Invitrogen) and 20% methanol for 30 min at room temperature. Proteins were transferred to a nitrocellulose membrane (BioRad) by electrotransfer. The membrane was preincubated for 2 h in PBS that contained 5% skim milk and 0.05% Tween 20 (PBS-T), incubated for 1 h at room temperature in PBS-T with specific antibody (rabbit polyclonal anti-thymosin ␤4; 1:1000; Biodesign), washed five times with PBS-T, and incubated with HRP-conjugated secondary antibody (Amersham Biosciences, Buckinghamshire, UK) for 1 h at room temperature. The membranes were washed five times with PBS-T, and bound antibody was detected with an enhanced chemiluminescence detection kit (Amersham Biosciences). Mouse spleen and muscle tissues were used as positive and negative controls, respectively.
For Western blot analysis of plasminogen activator inhibitor-1 (PAI-1), GEN cell lysate was separated by electrophoresis on 10% Trisglycine gel (BioRad). After the transfer of protein, the membrane was incubated with antibody specific for sheep anti-mouse PAI-1 antibody (1:250; American Diagnostica Inc., Greenwich, CT). After incubation with HRP-labeled anti-sheep IgG secondary antibody (1:1000 dilution in 5% milk TBS-T), the protein bands on Western blots were visualized as above and developed on film. The membranes were restripped for ␤-actin, used as a housekeeping control protein (Sigma) (14) .
Statistical Analyses
The primary objectives of this study were to identify protein patterns that correlate with biologic groups and assess the protein patterns' closeness among three biologic groups. The intrasample variability of all of the mass spectra obtained within these three different groups was analyzed using Pearson correlation coefficient analysis. The statistical analyses for identifying a set of proteins expressed differentially between biologic groups were focused on the following steps: (1) Selection of important proteins that were differentially expressed among the study groups. The selection was based on Kruskal-Wallis test, Fisher exact test (dichotomize the expression level as present or not), permutation t test, Significance Analysis of Microarrays (15), Weighted Gene Analysis (16) , and the modified info score method (17, 18) . The proteins were ranked on the basis of the results from all six methods. (2) The Weighted Flexible Compound Covariate Method (WFCCM) (19 -22) was used in the class-prediction model based on the ranked proteins to verify whether the proteomic patterns could be used to classify study samples into two classes according to the chosen parameter, e.g., normal versus nonsclerotic. The WFCCM method was designed to combine the most significant proteins associated with the biologic status from each analysis method, and it reduced the dimensionality of the problem using a new covariate obtained as a weighted sum of the most important predictors. We estimated the misclassification rate using leave-oneout as well as 10-fold cross-validated class prediction methods based on the WFCCM. (3) The agglomerative hierarchical clustering algorithm was applied to investigate the pattern among the statistically significant discriminator proteins as well as the biologic status using M. Eisen's software (23) .
The statistical analyses for assessing the profile closeness between biologic groups were focused on the following steps: First, the profile difference between two biologic groups was measured using the Weighted Gene Analysis method for each individual protein. This method is based on the between-and within-group Euclidean distance. After the profile difference was estimated, the assessment of the overall closeness among three biologic groups was completed using the restricted/residual maximal likelihood-based mixed-effect model to test the significance of the closeness among three groups.
The comparison of quantitative analysis of thymosin ␤4 among three classes of glomeruli and the comparison of PAI-1 expression in GEN were completed using the General Linear Model (ANOVA) to test the mean difference. All of the tests of significance were two-sided, and the differences were considered statistically significant at P Ͻ 0.05. The intraindividual variability of all of the mass spectra obtained within these three different groups was obtained. For normal glomeruli, the average R 2 was 0.84; for the nonsclerotic glomeruli, the average R 2 was 0.80. The average R 2 for the sclerotic group was 0.77. These data indicate that the sclerotic glomeruli have more variable proteomic patterns than the normal control glomeruli, which is expected, as the total degree of sclerosis is variable within each pool of five glomeruli for each mass spectra profile. The intraindividual variability was assessed by using the Intraclass Correlation Coefficients and Variance Component Analysis. The mean intraindividual variability was Ͻ30% of the overall variability (intra ϩ inter). These results indicate low intraindividual variability and further validate our results.
Results
Protein Profiles Obtained by MALDI-TOF Mass Spectrometry
Glomerular Proteomic Pattern Comparisons
A total of 1473 distinct peaks across all of the spectra were obtained. However, all of these peaks may not be significant, as some of the peaks were expressed in only a few spectra. A total of 251 significantly differentially expressed protein signals were selected for the comparisons. Among these 251 protein markers, 154 protein markers were expressed only in one group, 93 protein markers were expressed in two groups, and four protein markers were expressed in all three groups. Using the WFCCM statistical analysis, we were able to classify the normal and sclerotic glomeruli proteomic pattern with 99.2 and 98.3% accuracy according to the top 102 differentially expressed MS signals using the leave-one-out and 10-fold crossed validation classification, respectively. Similarly, 96.7 and 86.7% classification accuracy was obtained for the comparison of normal glomeruli versus nonsclerotic glomeruli according to the top 166 differentially expressed MS signals using the leave-one-out and 10-fold crossed validation classification, respectively. We obtained 97.8 and 86.7% classification accuracy for nonsclerotic glomeruli from sclerotic glomeruli according to the top 84 differentially expressed MS signals using the leave-one-out and 10-fold crossed validation classification, respectively ( Table 1) .
The agglomerative hierarchical clustering algorithm was used to investigate the protein expression patterns among the significant differentially expressed proteins with Eisen's software. The selected proteomic pattern distinguished all of the normal glomeruli from nonsclerotic glomeruli with 100% classification accuracy ( Figure 3A) . We obtained 99.2% classification accuracy in distinguishing normal versus sclerotic glomeruli ( Figure 3B ) and 92.2% classification accuracy for nonsclerotic glomeruli versus sclerotic glomeruli ( Figure 3C ). We also constructed a cluster dendrogram of all differentially regulated proteins and all of the samples displayed ( Figure 3D ). The normal (blue) and sclerotic (red) glomeruli are segregated at opposite ends of the dendrogram, whereas nonsclerotic (green) glomeruli are dispersed in the middle of the two groups, which further supports the classification power of the differentially expressed peaks.
The overall proteomic patterns detected from the three different types of glomeruli were compared to investigate the protein expression similarity closeness among the three types of glomeruli. The proteomic patterns of nonsclerotic glomeruli were more similar to sclerotic than to normal glomeruli (P Ͻ 0.0001), suggesting that the phenotype of nonsclerotic glomeruli is pathophysiologically closer to the sclerotic than to the normal glomeruli. 
Identification of Thymosin ␤4
We next aimed to identify one of the protein markers that statistically contributed most to differential classification of our three groups of glomeruli. After tissue homogenization and HPLC separation steps, three fractions that contained the peak of m/z value 4963.8, one of the target proteins, were found using MALDI MS ( Figure 4A ). With LC-MS/MS analysis of the resulting tryptic peptides, thymosin ␤4 was identified as the target protein marker. Multiple MS/MS spectra were found to be consistent with the thymosin ␤4 tryptic peptides: [ Figure 4B . These sequences composed 44% of the total amino acid sequence of thymosin ␤4. Considering the previously reported N-terminal acetylation (24) , the theoretical average molecular weight for thymosin ␤4 is 4963.5 Da, in good agreement with the experimentally determined protein molecular weight. The signal intensities of thymosin ␤4 from the mass spectra for normal glomeruli, nonsclerotic glomeruli, and sclerotic glomeruli are shown in Figure 5 . Thymosin ␤4 expression levels were increased approximately threefold in sclerotic versus normal glomeruli (P Ͻ 0.01) on the basis of the MS intensities and were intermediate in nonsclerotic glomeruli (P Ͻ 0.01). The MS intensity was not statistically different in nonsclerotic versus sclerotic glomeruli, further indicating their relatively closer proteomic relationship compared with normal.
Thymosin ␤4 Expression In Vivo and In Vitro
Immunohistochemistry was performed to confirm the increased level of thymosin ␤4 in glomerulosclerosis. Thymosin ␤4 was increased in sclerotic glomeruli versus nonsclerotic or normal glomeruli ( Figure 6 ). Furthermore, thymosin ␤4 was found predominantly expressed in endothelial cells identified by serial section staining with RECA-1, whereas mesangial cells stained with anti-rat Thy-1 did not show strong thymosin ␤4 staining. Podocytes, identified anatomically, and macrophages, doublestained with ED1, were negative for thymosin ␤4.
Further analyses were performed in vitro to assess thymosin ␤4 expression in two different glomerular cell lines (Figure 7 ). Western blots from cultured GEN and podocyte cells confirmed endothelial expression of thymosin ␤4, with no protein detected in podocytes. GEN showed a strong immunoreactive band at 4.9 kD, corresponding to the expected molecular weight of thymosin ␤4. Mouse spleen and muscle, used as positive and negative controls of thymosin ␤4 immunohistochemistry and Western blot expression, showed expected results.
Thymosin ␤4 and Sclerosis Mechanisms
We next assessed whether modulation of thymosin ␤4 mRNA affected sclerotic responses. Ang II is a key profibrotic molecule, and its inhibition ameliorates progressive kidney diseases. Ang II promotes sclerosis by inducing hypertension, increasing extracellular matrix (ECM) synthesis, and also inhibiting ECM degradation. The last results in part is from Ang II induction of PAI-1 expression in vivo and in vitro (14, 25) . Furthermore, application of synthetic thymosin ␤4 increases PAI-1 expression in endothelial cells (26) . We therefore assessed whether endogenous thymosin ␤4 affected PAI-1 expression in response to Ang II. We designed siRNA and control siRNA for thymosin ␤4 to induce gene knockdown in GEN, the cell type implicated as a contributor to increased thymosin ␤4 in our studies. Thymosin ␤4 protein expression was knocked down successfully by approximately 90% using siRNA. We next assessed the effect of this downregulated thymosin ␤4 on the Ang II-induced prosclerotic response by assessing expression of PAI-1 in these cells. Neither siRNA nor control siRNA affected baseline PAI-1 expression. Angiotensin II (10 Ϫ6 M) increased thymosin ␤4 over baseline and concurrently dramatically upregulated PAI-1 expression in normal GEN. Transfection with siRNA for thymosin ␤4 significantly decreased the Ang IIinduced PAI-1 expression. The scrambled control siRNA had no effect on thymosin ␤4 expression or on Ang II-induced PAI-1 expression (Figure 8 ). These data indicate that thymosin ␤4 is a modulator of Ang II-induced PAI-1 expression and thus can have an impact on sclerosis. a The misclassification rate was calculated using the leave-one-out and 10-fold cross-validation class prediction methods. WFCCM, weighted flexible compound covariant method.
Discussion
Our results show that LCM and MALDI-TOF MS can classify accurately the proteomic profiles of normal versus nonsclerotic versus sclerotic glomeruli. Using proteomic pattern similarity comparisons, we found nonsclerotic glomeruli from the remnant kidney to have more similarities to sclerotic glomeruli than to normal glomeruli. Thymosin ␤4 was identified as one of the key differentially expressed protein markers upregulated both in nonsclerotic and in sclerotic glomeruli in the 5/6 Nx model. Immunohistochemistry confirmed elevated expression levels of thymosin ␤4 in sclerotic glomeruli that localized particularly to endothelial cells. Using RNAi technology, we determined that thymosin ␤4 regulates a key pathway in sclerosis, namely Ang II-induced PAI-1 expression.
Normal and sclerotic glomeruli represent the two extremes in the evolution of glomerulosclerosis. In this study, we con- . Thymosin ␤4 intensity levels based on MS signal intensities in the three different glomerular groups. Statistical significance of the differences was determined for normal versus nonsclerotic glomeruli (P Ͻ 0.01), normal versus sclerotic glomeruli (P Ͻ 0.01), and nonsclerotic versus sclerotic glomeruli (P Ͼ 0.05) comparisons. The error bars correspond to 95% confidence intervals. firmed, as expected, that proteomic patterns for normal and sclerotic glomeruli are markedly different. Although our study found perfect or near-perfect predictors of sclerosis, there are some statistical limitations that need be addressed. First, because the study sample size is relatively small, a larger-scale study is necessary to confirm our findings. In addition, the number of features reported in this article is not based on the smallest number of features that could discriminate the classes but based on the statistical evidence; thus, there is the possibility of achieving similar misclassification rates based on different subsets of peaks. In addition, the near-perfect discrimination obtained using the agglomerative hierarchical clustering is not surprising as it uses covariates that were themselves chosen to have maximal discriminating power. It is ideal to evaluate the marker set in a different sample, the test set, and then to determine the sensitivity and the specificity of the marker set in an independent population. In our study, because the same sample cohort was used to test the selected protein markers, overestimation of the prediction accuracy is possible. Therefore, the major limitation of this study is that the results were not tested on a test cohort.
The observation units used in this study are individual protein profiles from five glomeruli tissue sections. The observation unit in our study was initially defined by combining the samples from each animal to one data point. We obtained perfect classifications quickly with this approach. However, because the animal numbers for these kinds of classifications were relatively small (six normal rats, five nonsclerotic rats, and six sclerotic rats), we chose each individual protein profile as an observation unit. Because of limitations of the MS technology, tissue from five glomerular sections was the minimum amount of sample that allowed us to obtain abundant protein signaling using MALDI mass spectrometer. Therefore, five glomerular sections were chosen as an observation unit to improve the statistical classification accuracy reliability and to be in accordance with the sensitivity limitation of the instrument.
Of interest is our finding that nonsclerotic glomeruli in the setting of progressive renal scarring also have an altered proteomic profile that is more closely related to sclerotic than normal glomeruli. Nonsclerotic glomeruli are recognized to have struc- Figure 6 . Thymosin ␤4 (brown) was not detectable in normal glomeruli (left) but was increased in sclerotic glomeruli (middle). Staining was not present in macrophages (anti-thymosin ␤4, brown; ED1, red). Staining on a serial section (right) with endothelial (RECA-1, brown) and mesangial (Thy-1, red) markers confirmed predominantly endothelial localization (anti-RECA-1, brown; anti-Thy-1, red). Magnification, ϫ200. tural alterations, such as foot process effacement. Foot process effacement occurs in all glomeruli in FSGS, regardless of whether sclerosis is present in a specific glomerulus or not. Thus, podocyterelated molecules would be expected to be altered in both nonsclerotic and sclerotic glomeruli compared with normal baseline. It is possible that such proteins, perhaps of higher molecular weights, not detected by our LCM and MALDI MS approach, would also be differentially upregulated in both nonsclerotic and sclerotic glomeruli versus normal. However, podocyte effacement per se does not correlate with progressive sclerosis. In human disease, both FSGS and minimal-change disease (MCD) are characterized by diffuse foot process effacement. However, sclerosis does not develop in MCD, and prognosis is excellent. In contrast, FSGS is characterized by initial podocyte injury that is followed by progressive scarring that involves induction of injury in all glomerular cell types, including mesangial and endothelial cells, culminating in sclerosis (1) . In human renal biopsies that provide limited tissue sampling, it may be difficult to differentiate between MCD and FSGS if the defining segmental sclerotic lesion is not sampled. Differential downregulation of glomerular basement membrane ␣-and ␤-dystroglycan by immunostaining in MCD but not FSGS has been proposed as a tool to distinguish these two entities (27) . We hypothesize that increased thymosin ␤4 may be an additional marker that allows identification of early sclerotic processes. Our data further indicate that the nonsclerotic glomeruli in FSGS have activated prosclerotic mechanisms. These findings have important implications for therapy, suggesting that these nonsclerosed glomeruli are already more activated toward sclerosis than suggested by standard light microscopy and electron microscopy, and more targeted, aggressive therapy might be needed to effect remission or even regression of sclerosis (2) .
We postulate that identification of the differentially expressed protein markers in the early, prosclerotic stage of progression could advance our understanding of mechanisms of sclerosis and possibly suggest novel targets for therapies for progressive kidney diseases. Currently, using the inherently limited tissue left for protein extraction in the remnant kidney model, we identified thymosin ␤4 as one key differentially expressed molecule in sclerotic and nonsclerotic glomeruli versus baseline. Thymosin ␤4 is a highly conserved protein that has a wide range of functions. Thymosin ␤4 is an intracellular cytoplasmic or nuclear G-actin sequestering protein (28, 29) and plays a role in wound healing, apoptosis, inflammatory responses, angiogenesis, and endothelial cell migration and differentiation (30) . Extracellular thymosin ␤4 may also serve as a specific glutaminyl substrate of transglutaminases, which can cross-link it to fibrin, collagen, and actin (31) . Thymosin ␤4 enhances repair in a mouse cardiac injury model by increasing Akt and enhancing survival of cardiac cells (32) . These data suggest a multiplicity of functions for thymosin ␤4. Furthermore, thymosin ␤4 may have divergent effects depending on the type of initial injury and the organ involved, promoting repair in the infarcted heart and fibrosis in the chronically scarring kidney.
Of relevance to sclerosis, exogenous thymosin ␤4 increases PAI-1 expression at both the mRNA and protein levels in endothelial cells (26) . PAI-1 inhibits tissue-type plasminogen activator and urokinase-type plasminogen activator, preventing the activation of plasminogen to plasmin. Plasmin degrades not only fibrin but also ECM (33) . PAI-1 also inhibits urokinasetype plasminogen activator-induced matrix metalloprotease-2 activation, thus further inhibiting ECM degradation. PAI-1 is induced by angiotensin II in vivo and in vitro and is tightly linked to glomerulosclerosis (34) . Conversely, PAI-1 downregulation is linked to amelioration or even regression of glomerulosclerosis (2) . Therefore, upregulation of thymosin ␤4 could promote sclerosis via upregulation of PAI-1. To explore further the role of thymosin ␤4 in this sclerotic pathway, we modulated its endogenous expression in cultured endothelial cells. Our results show that downregulation of thymosin ␤4 by RNAi did not alter baseline PAI-1 expression in endothelial cells. In contrast, knockdown of endogenous thymosin ␤4 prevented Ang II-induced PAI-1 expression. Previous data have shown that Ang induces PAI-1 upregulation via c-Fos/c-Jun binding to Sp1 and activated protein-1 sequences in the PAI-1 promoter (35) . Of note, thymosin ␤4 enhances c-Fos/c-Jun DNA-binding activity to the activated protein 1 element (26) . These findings imply that Ang actions may be mediated in part via thymosin ␤4 activation of this signaling pathway. In the setting of chronic progressive kidney disease, our data indicate that thymosin ␤4, via effects on PAI-1, is not only a marker but also potentially a contributor to glomerulosclerosis. Thus, thymosin ␤4 could be a novel target for treatment of glomerulosclerosis.
In conclusion, using LCM combined with MALDI MS technology, we obtained specific proteomic patterns that accurately classified normal versus nonsclerotic or sclerotic glomeruli in FSGS. The proteomic pattern of nonsclerotic glomeruli in a fibrosing kidney was found to be more similar to the proteomic pattern of sclerotic glomeruli than to normal glomeruli, suggesting that these nonsclerotic glomeruli have early activation of prosclerotic mechanisms. As a discovery tool, our proteomic study further found thymosin ␤4 to be a key protein marker of glomerulosclerosis and possibly even a contributor to progression by promoting Ang-induced PAI-1 expression.
